Background: Various studies have demonstrated abnormal neuropsychological function in boys with the childhood cerebral phenotype of X-linked adrenoleukodystrophy. Not much is known about the cognitive function of neurologically asymptomatic boys with X-linked adrenoleukodystrophy who have normal brain magnetic resonance imaging results.
X
-LINKED ADRENOLEUKODYStrophy (X-ALD) is a neurodegenerativedisorderaffecting the nervous system, adrenal cortex, and testes due to a defect in ABCD1, which codes for a peroxisomal membrane protein, a member of the ATP-binding cassette transporter superfamily. [1] [2] [3] The accumulation of saturated very long-chain fatty acids is the principal biochemical abnormality in X-ALD, and demonstration of abnormally high very long-chain fatty acid levels in plasma is the most frequently used diagnostic assay. 4 X-linked adrenoleukodystrophy is expressed in a variety of clinical phenotypes with and without cerebral demyelination. The childhood cerebral phenotype of X-ALD usually manifests in the first 10 years of life. 1 Psychological and behavioral abnormalities have considerable prognostic significance, and in many cases, they initially resemble attention-deficit/hyperactivity disorder. Abnormalities in performance IQ (PIQ) and executive function have been demonstrated in patients with childhood cerebral adrenoleukodystrophy, most of whom had extensive posterior white matter changes. 5 The corpus callosum, parietooccipital lobes, and temporal lobes 6 are most commonly involved in X-ALD. The abnormalities of these regions lead to abnormal processing of visual and auditory input. It is not known whether there are inherent cognitive abnormalities in patients with X-ALD owing to the nature of the biochemical and genetic defect when inflammatory demyelination is not demonstrable. To our knowledge, cognitive function in patients with X-ALD without any obvious white matter changes has not been evaluated previously. One study 5 that included 8 neurologically asymptomatic boys suggested normal cognitive profiles with subtle ab-normalities in verbal fluency; however, only 1 of those 8 boys had normal brain magnetic resonance imaging (MRI) results. In this study, we evaluated the neuropsychological profile of 52 neurologically asymptomatic boys with X-ALD who had normal conventional brain MRI results.
METHODS

PATIENTS
This study included 52 neurologically asymptomatic boys with normal brain MRI results and confirmed diagnosis of X-ALD. Their mean±SD age was 6.7±3.6 years, with a median of 6.2 years and a range from 2.1 to 14.6 years. The MRI results were evaluated using the previously published Loes scoring methodology. 6 An MRI with a Loes score of 0.5 or less was classified as normal. One patient who was receiving medications for attention-deficit/hyperactivity disorder at the time of evaluation was excluded from the analyses.
NEUROPSYCHOLOGICAL EVALUATION
Neuropsychological function was scored with methods described in a previous article from our group 7 based on the general procedures developed by Shapiro and Klein. 8 Testing of IQ was done using the age-appropriate Stanford-Binet Intelligence Scale-Fourth Edition (in 14 patients) and Wechsler Intelligence Scales (26 patients received the Wechsler Intelligence Scale for Children-Third Edition, 11 received the Wechsler Preschool and Primary Scale of Intelligence-Revised, and 1 received the Wechsler Intelligence Scale for Children-Revised).
The instruments chosen to assess neuropsychological function across the broad age range were mostly based on a battery selected by Shapiro and Klein, 8 whose selection criteria focused not only on evaluating all of the major domains of neuropsychological function but also tried to combine the availability of good normative data over the widest applicable age range. Table 1 lists the testing instruments and respective ages at which each was used. The obtained scores were transformed into age-adjusted z scores using the published norms.
The effect of socioeconomic status (SES) on intellectual function, especially verbal and language skills, is well established. We used the Index of Social Position by Hollingshead 17 to assess the SES of the families of patients included in the study to analyze its effects on cognitive performance of our study population.
STATISTICAL METHODS
Test results were standardized to z scores using age-appropriate published norms. A z score of −2 or less represented 2 SD or more below the normal mean and was considered significantly abnormal. Robust nonparametric median regression adjusting for fullscale IQ (FSIQ) and SES was used to evaluate the association between age and performance on neuropsychological testing (the absolute Index of Social Position score was used for adjustment instead of the SES category). A P value of .05 or less was considered statistically significant. Table 2 summarizes the evaluation for the entire cohort. The IQ subsets (FSIQ, verbal IQ [VIQ], and PIQ), global z score, and performance on the 5 cognitive function domains were within normal limits for 49 patients and were abnormal in 3. Figures 1, 2, 3 , and 4 demonstrate performance on IQ subsets and major cognitive function domains.
RESULTS
OVERALL PERFORMANCE ON NEUROPSYCHOLOGICAL TESTING
Four patients showed significant abnormality in 1 or more domains. Patient 1 was aged 5.2 years, with significant abnormalities in FSIQ and VIQ; his ageappropriate z score for FSIQ was -2.13, and his VIQ z score was -2.73. He also showed significant abnormalities in the language domain (z score=-2.59) and Vineland Adaptive Behavior Scales (adaptive behavior composite z score = -2.67; communication domain z score=-3.00; daily living skills subscale z score=-2.73; and socialization domain z score=-2.47). His PIQ and performance on other functional domains were within normal limits. Patient 2 was aged 12.8 years. He showed significant abnormality in the executive function domain (z score=-2.04), his PIQ placed in the low average range, and his VIQ and FSIQ were placed within normal limits. His performance in all of the other functional domains was within normal limits. Patient 3 was aged 2.6 years; he showed significantly poor performance in the visual perception domain (z score=-3.40). He showed no abnormalities on VIQ, which was the only other evaluation the patient could complete (VIQ z score=0.50). He did not complete testing for PIQ (therefore, the FSIQ could not be completed), visual perception, memory, and executive domains. Patient 4 was aged 2.4 years and had significant abnormality in the Vineland Adaptive Behavior Scales domain-testing activities of daily living (z score = -2.00). This patient had no abnormalities in any other tested cognitive domain.
ASSOCIATION BETWEEN AGE AND NEUROPSYCHOLOGICAL PERFORMANCE
There was no association between age and FSIQ, PIQ, or VIQ after adjusting for SES. There was a significant negative association between age and visual perception as well as age and visuomotor skills after adjustment for FSIQ and SES (for visual perception, ␤=−0.15, P=.02; for visuomotor skills, ␤=−0.12, P=.005). There was no association between attention or executive function, memory, and language z scores with age after adjustment for FSIQ and SES.
COMMENT
This study demonstrates an overall normal cognitive profile in asymptomatic boys with X-ALD who have no detectable abnormalities on conventional brain MRI. Fortyeight patients demonstrated normal-for-age performance on neuropsychological testing. Four patients had moderate deficits in verbal skills, the visuomotor domain, and adaptive behavior. Such variations may also occur in a normal population. It is not certain whether they can be attributed to X-ALD. Thus, for the tested cohort as a whole, we did not detect cognitive deficiencies using standard testing procedures, suggesting a normal neurodevelopmental process despite the inherent defect of ALDP (a protein encoded by the mutant gene in X-ALD). There was an inverse correlation between age and performance in visuomotor and visual perception domains. It may be that some decline in cognitive performance might surface later with increasing age; however, definitive implications of this apparent association cannot be made in a cross-sectional study. Despite the weak negative age association, the standardized z scores remained within normal limits. Alternatively, the negative association could be owing to the better ability to characterize cognitive performance for older children because of the greater sensitivity of the testing instrument; thus, the weak negative association could be an artifact of the wider standard deviations observed in the younger subset mainly owing to inherent inadequacies of the evaluation tools. Expressive vocabulary and riddles subtests of the K-ABC (ages 2.5-6 y) 12 Peabody Picture Vocabulary Test (ages Ն2.5 y) There are numerous studies that have demonstrated neuropsychological abnormalities in patients with the cerebral phenotype of X-ALD; however, it is not clear whether these patients would have normal cognitive development in the absence of these cerebral abnormalities. All of the patients in our cohort had normal conventional MRI results. However, this does not rule out the presence of more subtle abnormalities. Studies that use magnetic resonance spectroscopy and diffusion-tensor imaging may show abnormalities in the regions that appear normal on conventional MRI. Asymptomatic boys with X-ALD and other phenotypes of X-ALD with normal brain MRI results and no evidence of obvious inflammatory demyelination have been shown to have reduced N-acetylaspartate levels, suggesting subtle neuroaxonal abnormalities that are not detectable on conventional MRI. [18] [19] [20] The observed subtle decrease (or failure to grow) in performance within some cognitive functional domains may be owing to axonal structural abnormalities not visible on conventional MRI that might be demonstrable with the use of specialized imaging modalities such magnetic resonance spectroscopy and diffusion-tensor imaging, which were not included in this analysis. Studies combining cognitive evaluation with specialized magnetic resonance methodologies such as spectroscopy may serve as sensitive markers and aid in predicting disease progression. 21 However, even if the abnormalities were present in our cohort, they do not ap- . Scatterplot for z scores on the 5 cognitive functional domains stratified by age, with the cut-off at the median age (age Յ6 years vs age Ͼ6 years). The horizontal dashed line indicates a z score of -1; the horizontal solid line indicates the level below which the score was considered significantly lower than the published norms. pear to have an effect on standard tests of cognitive function. The presence of normal cognitive function in most boys with X-ALD whose conventional MRI results are normal, combined with the encouraging results of early therapeutic interventions, suggests that X-ALD should be viewed as a candidate disorder for neonatal screening. Recent studies from our group provide evidence that dietary therapy with Lorenzo's oil has a preventive effect in asymptomatic patients with normal MRI results 22 and that patients with X-ALD with impaired adrenal reserve can be identified and treated before they develop overt Addison disease. 23 The follow-up study by Peters et al 24 shows a favorable outcome (92% 5-year survival rate) of hematopoietic cell transplantation in patients with X-ALD who receive the transplant when the inflammatory brain disease is still in its early stages. The 3-pronged management approach discussed earlier can help improve the prognosis of X-ALD. Furthermore, the risk of developing cerebral disease is not constant with increasing age. Prior to age 7 years, the risk of cerebral disease is approximately 40%. It diminishes progressively after that age, and it is less than 10% after age 15 years. 25 Thus, early identification of at-risk subjects is of great importance. Our demonstration that cognitive function is intact in young asymptomatic patients indicates that there is a substantial therapeutic "window of opportunity" and strengthens the rationale for neonatal screening.
